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An experimental scheme for preparing a polarization entangled W states from four photons emit- 
ted by parametric down-conversion is proposed. We consider two different configurations and a 
method of improving the yield by using single photon sources. In the proposed scheme, one uses 
only linear optical elements and photon detectors, so that this scheme is feasible by current tech- 
nologies. 
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PACS numbers: 03.67.-a, 42.50.-p 



In the quantum information processing including many 
quantum protocols and quantum computation jlj , quan- 
tum entanglement plays a crucial rule. Most of the quan- 
tum protocols concern with the bipartite system, mainly 
because the nature of multipartite entanglement has not 
been clarified yet. Recently, however, the nature of mul- 
tipartite entanglement, especially, that of tripartite en- 
tanglement begins to be clarified. In Dur et al. have 
classified the tripartite pure states based on the equiva- 
lence under stochastic LOCC (local operations and clas- 
sical communication). They showed that there are two 
different kinds of genuine tripartite entanglement. One 
is Greenberger-Horne-Zeilinger (GHZ) states ||, which 
is represented, for example, as 
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where {|0), |1)} is the orthonormal basis for a qubit. The 
other is W states, which is represented, for example, by 

\W) = -±= (|001) + |010) + |010» . (2) 

These two states cannot be converted to each other by 
LOCC with nonzero success probability. These states 
show different behavior when one of the qubits is dis- 
carded. For three qubits in GHZ states, the remain- 
ing two qubits are completely unentangled. But, for 
W states, the remaining two qubits are still entangled. 
Indeed it was shown that W states are optimal in the 
amount of such pairwise entanglement Q. 

Many works have been devoted to the study of GHZ 
states in connection with Bell's theorem || pi 0, @j, and 
violation of Bell inequalities are demonstrated experi- 
mentally |J. Besides the fundamental studies of GHZ 
states, several applications of these states such as the 
quantum teleportation |icj , the quantum secret shar- 
ing jO, [l^] and the quantum key distribution protocol 
O, [hi have been proposed. 
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FIG. 1: The schematic diagram of the setup (scheme I). 
Polarization beam splitters (PBS) transmit H photons and 
reflect V photons. 



On the other hand, the study of Estates has not been 
done until recently. For application, the quantum key 
distribution (QKD) with Instates is proposed and 
a IF-class state is used for the optimal universal quantum 
cloning machine |l7| , |l8| , |l9| , |20| , |2l|| . In fundamen- 
tal aspects, Cabello |22fl has illustrated some differences 
between the violation of local realism exhibited by W 
states and that by GHZ states. The W states have a 
clearer prescription for selecting a pair of qubits to be 
subjected to a Bell's theorem test than the GHZ states 
have. Thus, not only for the purpose of the realization of 
some applications, but also for the fundamental interests, 
it is important to prepare W states experimentally. 

So far, several schemes for preparation of Instates have 
been proposed. Zeilinger, Home, and Greenberger pro- 
posed a scheme using third order nonlinearity for path en- 
tangled photons p3[ . Guo and Zhang proposed a scheme 
for three entangled atoms via cavity quantum electrody- 
namics p4[ . 

In this paper, we propose an experimentally feasible 
scheme for preparing a polarization entangled W states. 
The scheme is composed of parametric down-conversion 
(PDC), linear optical elements, and photon detectors, so 
that our scheme is feasible by current technologies. In our 
proposal, there is no interference between the photons 
passing through different paths, which makes it easy for 
us to align the optical elements and makes our system 
insensitive to fluctuations of optical path lengths. 

In our scheme, we utilize four photons emitted 
collincarly from type-II PDC, which are in the following 
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state, 



|2)oh|2)ov, 



(3) 



where |n) is the normalized n-photon number state. The 
subscript numbers label the spatial modes, and H and 
V represent horizontal and vertical polarization modes, 
respectively. As shown in Fig. [j], these photons are split 
into four spatial modes (1, 2, 3, and 3') by beam splitters 
(BSfc, k = 1,2,3), whose reflectivity and transmissivity 
are independent of polarization. The transformation by 
BSfc is expressed by 
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|l)v 
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2r fe t fe |l) fcH |l)fe'H, (4) 



and 
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where and tk are the reflection and transmission coeffi- 
cients of BSfc, respectively, which satisfy |rfc| 2 + \tk\ 2 = 1. 
We assume that and tk are real, without loss of gener- 
ality. Here (f>k and tpk are the phase differences between 
mode H and V for reflected and transmitted photons, re- 
spectively. For simplicity, we omit the modes in the vac- 
uum, using abbreviations such as |l)fcv|0)fc'V — > |l)fcv- 
After these transformations, the phase offsets for the pho- 
tons in mode 2 and 3 are compensated by birefringent 
phase shifters (BPSfc, k — 2,3). The amount of compen- 
sation is chosen as 



|l)2V^e^ 2+ ^ + ^)|l) 2V 



for BPS 2 , and 
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for BPS3. After compensating these phase differences, 
we are only interested in the case where there is a single 
photon in each spatial mode (1, 2, 3, and 3'). If such 
a case is successfully selected, these photons are in the 
following state, 
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where |Wv)a33' and |Wh)233' are the W states which can 
be written as 
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FIG. 2: The schematic diagram of another setup (scheme 
II). 



The probability of obtaining the photons in the state of 
Eq. @ is (2\/6riifr 2 <2?'3i3) 2 - If we detect a single pho- 
ton at the photon detector Div and the state is projected 
to |l)iv|WV)233', we obtain three photons in the state 
|Wv)233'- Even if we detect a single photon at the photon 
detector D 1H and the state is projected to |1)ih|Wh)233'j 
we can also obtain the state |Wv)233' after rotating the 
polarization by 90° in mode 2, 3, and 3'. In this case, 
the maximum probability of obtaining the photons in the 



state |Wv)233' is 3/32 when we set rj = 1/4, 



1/3, 



and r§ = 1/2. Although it is difficult to select the sin- 
gle photon in each spatial mode without destroying the 
photons, we can discard the photocounts caused by the 
non- W states if we are allowed to perform the postse- 
lection where we select the events of the photocounts in 
mode 2, 3, and 3'. 

In practice, to implement our scheme experimentally, 
we have to pay attention to the errors and the efficiency 
of generating the photons in Instates. The errors in the 
selected state are mainly caused by generation of three 
photon pairs at PDC and the dark counts of photon de- 
tectors. In PDC, the photon pair generation rate per 
pulse 7 is approximately 10~ 4 in typical multi-photon 
experiments |2^, ^(| |27]]. The three-pair generation 
rate 0(7 3 ) is approximately 10 -4 lower than two-pair 
generation rate 0(j 2 ). The dark counts of current pho- 
ton detectors is quite low for multi-photon coincidence 
measurement, so that these errors are negligible. (Sec 
also p§] about this kind of errors.) To see whether the 
efficiency of generating three photons in the W state is 
acceptable, we compare the yield of the W state with 
that of GHZ states in 
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|27| where type-II PDC 
is also used for generating three photons. In the GHZ 
experiment, the probability of obtaining the photons in 
the GHZ state after generating two photon pairs is 3/8. 
Compared with this probability, the yield of W states in 
our scheme is smaller by a factor 1/4 . However, using 
stimulated PDC p9| , the four-photon generation rate can 
be 16 times higher than spontaneous PDC, which suggest 
that our proposal is experimentally feasible. 

We can also consider another setup (scheme II) as 
shown in Fig. ^| In this scheme, after compensations 
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FIG. 3: The schematic diagram of the setup with single 
photon sources. 



similar to scheme I expressed by 

|l)av -» e 4 (-^-^+^+^)|i) 2V 



and 
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(9) 
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we obtain the photons in the following state, 
^=(e*|l)iv|^v) 23 3'+e^ 1 -' / ' 2+,/ ' 3) |l)iH|^H)23 3 'Xll) 

with the probability Q\f§r\t\r 2 t 2 r?,t?) 2 . The maximum 
probability of obtaining these photons in the state W is 
3/32, which is the same as scheme I, when we set r\ = 
t\ = r 2 — 1/2. This scheme has an advantage that 
the maximum probability can be obtained by using only 
symmetric beam splitters. 

So far, we have assumed that the reflectivity and trans- 
missivity of BS& are independent of polarization. If these 
depend on the polarization, the fidelity of the final state 
to the desired W state becomes lower. In this case, 
scheme I and scheme II show slightly different behavior. 
Here, we represent the polarization-dependent reflection 
and transmission coefficient of BS& as rkL and tkL, re- 



spectively, which satisfy ri, + t 



1 where L = H, V. 



We also introduce the error factor 5kh defined by 5kh 



' kL 



( r k Pt y 2 wnere r k Pt * s the optimal reflectivity, namely 



1/4, (r 2 



opt\2 



Y = 1/3, and (r° pI ) 2 = 1/2 in scheme 



(rf) 2 

I and (rf) 2 = (r° pt ) 2 = (rf) 2 = 1/2 in scheme II. 
When 5kL are small, the fidelity Ft in scheme I and Fjj 
in scheme II are given by 



1 - —(27<5. 
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16<5 3 2 ) + 0(61) 
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and 



+ 6 2 ) 2 + 36 2 } + 0(5l). (13) 



where 5k = 5kH_ — <5/,-v- In scheme I, 5i merely changes the 
amplitudes of |l)iv|Wv)a33' and |1)ih|Wh)233' in Eq. (§), 
so that this does not affect the fidelity unlike scheme II. 

The use of a single photon source (SPS), which is cur- 
rently being developed |30[ E$lJ|, will improve the rate of 
generating the photons in W states. An ideal SPS emits 
a single photon in a single mode at a desired time. In this 
case, we can start from only three photons in the state 
|2)oh|1)ov ( or |2)ov|1)oh )■ To prepare this initial state, 
three SPSs and a symmetric beam splitter (BSi) are ar- 
ranged as shown in Fig|| (SPS1 and SPS2 emit a photon 
in mode H and SPS3 emits a photon in mode V). The 
state at the output ports ofBSi is (|2)|0} + |0}|2))/v / 2, so 
that we obtain three photons in the state |2)oh|1)ov with 
probability 1/2 under the condition that each SPS has 
emitted a photon. After we transform these photons by 
BS2 and BS3, and in the case where there is one photon 
in each spatial mode, we can obtain the photons in the 
state I Wy)233'- The probability of obtaining the photons 
in the state | Wy)233' after generating a photon from each 
SPS is 1/2(^/&r2t\r^tz) 2 and the maximum of this prob- 
ability is 3/32, which is the same as above schemes, at 
r\ = r| = 1/2. The generation rate of one photon from 
SPS is approximately 0.4 per pulse ]3l| so that three- 
photon generation rate is about 0.064 per pulse, which is 
significantly larger than ~ 10~ 8 per pulse for PDC [ p5| . 
Since SPS and PDC currently achieve almost the same 
repetition rate, using SPS improves the rate of preparing 
the state W. 

In our scheme, one can also prepare non-equally 
weighted states belonging to W-class. An example is the 
state used for the optimal universal quantum cloning ma- 
chine via teleportation by three distant parties |po| , 

y|l>2H|l)3ff|l)3'V - ^|1>2H|1>3V|1>3'H 
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-^=|1>2V|1>3H|1>3'H. 



(14) 



To prepare such states, one can generally include addi- 
tional polarization dependent losses in mode 2,3, and 3' 
and adjust BPSfc properly. 

In summary, we have proposed simple schemes for 
preparing the the photons in W states by using paramet- 
ric down-conversion, linear optical elements, and photon 
detectors. The schemes are easy to implement and fea- 
sible by current technologies. Our schemes can be im- 
proved by using single photon sources to obtain a higher 
rate of generating the photons. 

We thank K. Nagata, J. Shimamura, and S. K. 
Ozdcmir for helpful discussions. 
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